Abstract -This article deals with artificial (non biological) systems that achieve fuel generation by visible light. Intrinsic features of light driven redox processes in organized assemblies such as surfactant micelles and colloidal semiconductors are discussed. When coupled with suitable highly active redox catalysts these devices can be employed to accomplish cleavage of water or hydrogen sulfide by visible light.
INTRODUCTION
Plant photosynthesis serves to convert light into energy-rich compounds such as carbohydrates. This biological device is, however, a rather poor energy converter when the amount of biomass produced by the incident solar flux is considered. Although the primary photoredox reactions that occur in the chioroplasts proceed with high quantum efficiency the overall conversion yield is approximately 5-6% and falls to < 3% at best when averaged over the whole year.
(Ref. 1) Major losses are due to growth, adaptation and reproduction processes. Thus the photosynthetic machinery could work more efficiently had it been designed mainly for fuel production without any constraints due to evolutionary history. (Ref. 2) Artificial systems try to overcome this shortcoming of the biological counterpart by simplifying both the energy storing process and the molecular units that accomplish this transformation. Three different approaches are presently being persued. In the first or hybrid system the thylakoid membranes or individual photosystems are employed as light harvesting units. The objective is to exploit the high efficiency of the primary photosynthetic redox events without attempting to synthesize carbohydrated from CO2. Instead, hydrogen generation from water is achieved through artificial redox relays and catalysts.
The second approach is to employ synthetic molecular assemblies such as micelles or membranes as reaction systems. These aggregates simulate the microenvironment present in biological systems and serve as a host for hydrophobic entities participating in the photoreactions.
Finally, artificial systems with very little resemblance to their biological counterpart are also under study. Prominent and promising at the same time are here colloidal semiconductor solutions.
Energy and electron transfer processes are of fundamental importance for all these energy conversion devices. Thus, in photosynthesis antenna chlorophyll molecules perform the task of light harvesting and light induced charge separation is achieved through vectorial electron transfer across the photosynthetic membrane. Similarly, the distinct microenvironment present in molecular assemblies such as micelles and vesicles, in particular the presence of a charged lipid/water interphase allows to kinetically control the charge transfer events. Finally, in the case of small semiconductor particles it is the rapid movement of charge carriers in their respective band and the presence of local electrostatic fields at the particle/ water boundary which renders possible separation of oxidizing and reducing equivalents and subsequent fuel formation from light.
A common feature of all these systems is their microheterogeneous character. As a consequence, the electron transfer events occur within reaction spaces of minute dimension. This makes the rate laws derived for homogeneous solutions inapplicable. New kinetic concepts had therefore to be developed to interpret the experimental observatioms. These effects will be discussed in the first section of this review dealing with imtramicellar energy and electron transfer processes. Subsequently photoinduced charge separation in functionalized surfactant assemblies will be discussed. The last part is dedicated to light excitation of colloidal semi-conductors and the combination of the photoreaction with catalytic events leading to cleavage of water and hydrogensulfide. 
PTH(T) + Eu3
> PTH + Eu2 (1) where PTH(T) represents the triplet state of phenothiazime, were investigated by laser photolysis technique. The decay was completed within a few hundred nanoseconds and could not be fitted to a simple rate law. It was soon recognized that the rate laws previously derived for intramicellar quenching processes (Ref. ) were also applicable to electron transfer reactions. The first case analyzed in detail in this manner was the photoinduced reduction of Ru(bipy) by N-methyl phenothiazine (TH) (Ref. where *Ru(bipy)2+ designates the charge transfer excited state of the ruthenium complex. The temporal befiaviour of this excited state after laser excitation is described by (3) where is the average number of NFTH molecules per micelle and kd designates the specific rate of excited state deactivation in the absence of MFTR. The parameter k has the dimension 5H and corresponds to the rate of electron transfer in micelles containing only one pair of reactands
The kinetic evaluation carried out for tetradecyltrioxyethylene sulfate (TTOES) micelles yields for the specific rate of electron transfer between one donor acceptor pair a value of k=(6±O.3)xlO6sl implying that the average time required for electron transfer between a donor/acceptor pair associated with a host nicelle is ca l6Ons. A similar value was obtained for the average time of intramicellar collisional triplet energy transfer between a pair of reactants (Ref. 6 ).
Apparently, in order for the electron transfer event to occur close encounter of the reactants is required. This rules out, at least for room temperature conditions, any significant contribution of long range electron tunnelling to the overall rate of the electron transfer process and confirms that light induced redox reactions in micellar aggregates occur mainly via diffusional encounter of the reactants. The salient kinetic features of photoinitiated intramicellar electron transfer reactions evolving from these investigations nay be summarized as follows: (i) the excited state decay is described by a multiexponential time law; (ii) Stern-Volmer kinetics are not obeyed; (iii) if the products of the redox reaction
i.e. D+, A remain associated with their host aggregate electron back transfer between the D+ ... A pair will occur. This reaction follows also first order kinetics and has the same rate constant, i.e. lOTs-, as that of the forward electron transfer; (iv) both forward and
2+
Eu Na Na backward electron transfer occur mainly through diffusional encounter of the reactants and long range tunnelling does not play a dominant role.
It should be noted that these findings contrast sharply with the kinetic picture for conventional honogeneous solution systens. One benefit of using conpartnented systens such as micelles is that the reactants are brought in close proxinity which enhances significantly the rate of the electron transfer event. Another advantage is that the local electrostatic potential of the nicellar double layer can be exploited to achieve light induced charge separation, i.e. inhibit the thermal back electron transfer. Consider, for example, a situation where the electron donor is tetrathiafulvalene (TTF) and the acceptor is the anionic porphyrine (Ref. The porphyrin is excited by visible light which promotes electron transfer from TTF to ZnTPPS. The radical ion pair TTF/ZmTPPS5 is thereby produced within the aggregate. In a cationic micelle TTF is clearly distabilized with respect to the aqueous bulk solution. Therefore, once it reaches the surface it will be ejected into the water. Conversely, the ZnTPPS5 radical is electrostatically more stable in the micellar than in the aqueous phase and will thus remain associated with the surfactant aggregate. Once A and D+ are separated their diffusional re-encounter is obstructed by the ultrathin barrier of the micellar double layer. Figure 3 illustrates the successful charge separation in the ZnTPPS/TTF system by catiomic hexadecyltrimethylammoniumchloride micelles (CTAC).
10 0 100 200 300 400 500 TIME (microseconds) The porphyrine was excited y a 530mn laser pulse and the decay of the triplet state and formation of ZnTPPS5 monitored at 81o and 893nm, respectively. (Ref.
6) The forward reaction follows the multiexponential time law given 'oy e 3 and from the kinetic analysis one obtains k 1xlOs. Through subsequent ejection of TTF from the CTAC micelles the back reaction is impaired, the decay of ZnTPPS5 being hardly visible on a 500ps timescale. In striking contrast to these results one finds in homogeneous solutions, e.g. methanol, no formation of redox products from the reductive quenching of triplet ZnTPPS by TTF. Practically all radical ions (TTF/ZnTPPS5) apparently undergo back reaction in the solvent cage. This system provides an illustrative example how, by using molecular assemblies light induced charge separation can be achieved. In general the efficiency of the charge separation process will crucially depend on the relative rates of ejection and intramicellar back transfer of electrons from A to D+. The latter reaction is thermodynamically favorable and can in principle occur very rapidly. The rate of ejection of an ion from a charged micelle on the other hand is expected to depend critically on the degree of hydrophobic interaction of A with the aggregated surfactant molecules.
Using this principle, light induced charge separation has been achieved for a number of donor! acceptor pairs. Noteworthy are the examples where pyrene served as an electron acceptor and dimethyl aniline as a donor (Ref. 7, 8) as well as the photoinduced reduction of duroquinone by chlorophyll-a. (Ref.
9) The laser photolysis analysis of the latter system showed that a large fraction of Chla+ does not undergo back reaction with the reduced quinone (DQ) due to efficient ejection of the latter from the micellar into the aqueous phase. The rate of DQ ejection was estimated to be l08s. Since the intraicellar back reaction occurs typically at 10-20 times smaller rate one infers that the DQ escape yield from the micelle is at least 80%. As the reentry of DQ into the surfactant assembly is prevented by the micellar surface charge, the lifetime of Chla is prolonged by several orders of magnitude with respect to homogeneous solutions.
Light initiated redox reactions in functional micelles
Further progress in the development of molecular assemblies capable of converting light energy into chemical energy was made by designing and synthesizing surfactants with suitable functionality. These are distinguished from simple surfactants by the fact that the micelle itself participates in the redox events. Consider first the case of a transition metal ion micelle which can be obtained, for example, by replacing the Na ions in sodium lauryl oxyethylene sulfate by cupric ions. (Ref. 10, 11) The electron transfer occurs here from a solubilized sensitizer to the counter ion atmosphere. An illustrative example is that where D=N,N'-dimethyl-5,ll-dihydroindolo 3,3-6 carbazole (DI). When dissolved in NaLS micelles, DI displays an intense fluorescence and the fluorescence lifetime measured by laser techniques is lns. Introduction of Cu2+ as counter ion atinos-phere induces a 30 fo1 decrease in the fluorescence yield and lifetine of DI. The detailed laser analysis of this system showed that in Cu(LS) micelles there is an extrenely rapid electron transfer from the excited singlet to the Cu2+ ions. This process occurs with an average time of Lns and hence can compete efficiently with fluorescence and intersystem crossing. This astonishing result must be attriluted to a pronounced micellar enhancement of the rate of the transfer reaction. It is, of course, a consequence of the fact that within such a functional surfactant unit,regions with extremely high local concentrations of Cu2+ prevail. (Theoretical estimates predict the counter ion concentration in the micellar Stem layer to be between 3 and 6 M). The previously developed theoretical approach for intramicellar redox reactions (Ref. 12) can explain satisfactorily such a behavior. In fact, the case where an excited species, S, distrilnited initially in a random fashion within a surfactant assembly, diffuses to Ia reactive interface can be treated mathematically in a closed fashion. Ficks equation
has to be solved sithject to the following three loundary conditions
> 0 all t (8) In eq (5) [*] (r,t) is the (ensemble averaged) concentration of the excited sensitizer inside t,he micelle at time t and at a distance r from the center of the micelle, D is the diffusion coefficient, and V2 the Laplacian operator. The micellar radius is represented by r0.
The boundary condition (6) expresses the fact that the surface of the micelle is instituted 'Dy reactive transition metal ions and hence may 1e regarded as a perfectly ahsorhing houndary for S. The second condition (1) specifies that at time t0, all interior positions of the micelle are accessible to the confined, diffusing species, i.e. no localization of the confined species is assumed at t0. The limit specified by eq (8) is a finiteness condition which formalizes the physical constraint that the reactant concentration remains finite for all times and all interior points of the assembly. The integration of eq (5) gives first the concentration of sensitizer as a function of loth radical position and time. After spatial averaging one obtains for the experimentally measured quantity
Given the exponential structure of this equation, on a tine scale for which t > r/Tr2D, the n=l term in the summation will dominate the kinetic behavior of the system. Since the ratio r/ir2D for micellar aggregates is typically of the order of a few ns, a necessary consequence of eq (9) is that kinetic processes which take place on a time scale greater than a ns should exhibit essentially first order kinetics. This is indeed observed in the case of the luminescence decay of DI in the CuS+ counter ion micelles described above. From eq (9) a fluorescence lifetime of 4ns, i.e. a rate constant for electron transfer from DI* to CuS+ of 2.5xlO8s-, is compatible with a micellar radius of l5 and a diffusion coefficient of SxlOTcm2/s. It is important to note that the rate constant observed in this functionalized micelle is about 50 times greater than that for electron transfer between a donor acceptor pair in a simple surfactant aggregate.
The significance of this functional organization becomes evident also when the back reaction of Cu+ and DI+ is considered. Previous studies have shom that the intramicellar electron transfer from Cu+, to DI+, though thermodynamically highly favorable, cannot compete kinetically with the escape of the cuprous ion from its native nicelle into the aqueous phase. An efficient escape route is provided by the exchange with one of the CuS+ ions present in high local concentration in the Guoy-Chapman layer. By mere electrostatic arguments the latter ion is exp(eT/kT) times more likely to be absorbed on the micellar surface than Cu. Once in the aqueous phase Cu+ can be used for a second redox process such as the reduction of Fe(CN). The back reaction of the Fe(CN) with the oxidized donor, DIP, is prevented by the negatively charge micellar surface. Hence, such a system is successful in storing light energy originally converted into chemical energy during the photoredox process.
Over the last years more sophisticated functionalized surfactants have been developed that show unique and highly promising effects in light induced charge separation. Thus, crown ether type amphiphiles complexed with suitable transition metal ions have been successfully employed as molecular electron storage devices. 
INTERFACIAL ELECTRON AND HOLE TRANSFER REACTIONS IN COLLOIDAL SEMICONDUCTOR DISPERSIONS
Ln the following section we shall be concerned with interfacial electron transfer processes in yet another type of colloidal light harvesting device, i.e. semiconductor dispersions of extremely small particle size. In view of the importance of these devices for the utilization of solar energy, it is highly desirable to obtain detailed experimental informatiom on the dynamics of photoinduced conduction or valemce band processes involving species in solution. In the case of solid semiconductor electrodes a direct study of the kinetics of these reactions is made exceedingly difficult y the response of the electrical circuit to phenomena unrelated to the electron transfer event at the interphase. Similarly, the study of macrodispersions of semiconductor powders is hampered 1y the high turbidity of these systems, rendering impossiLle the oLservatiom of transient species by fast kinetic spectroscopy.
In connection with our program on the light induced cleavage of water into hydrogen and oxygen, we becmne intrigued with the idea of investigating monodisperse semiconductimg particles of small enough dimension to render scattering of light negligiLly small. These have the advantage of yielding clear dispersions allowing for ready kimetic analysis of interfacial charge transfer processes Ly laser photolysis technicue. The method consists in exciting the colloidal semiconductor particle directly by a very short flash of band gap irradiation. The suLseuent reaction of conduction Land electrons and valence oand holes with reactants in solution is followed using fast kinetic spectroscopy or conductometry. The competitive trapping of electrons by noble metal catalysts, deposited onto the semiconductor particle to mediate hydrogen generation from water, can also be investigated. Finally, this study establishes a technique to determine the flat band potential of ultrafine colloidal semiconductors.
Basic kinetic considerations
We shall first consider the question of light absorption by these ultrafine particles. The maximum absorption coefficients for the semiconductor materials investigated is of the order of lOScm1 corresponding to an absorption length of at least l000L In view of their small dimension (50 to lOO), light traverses many particles before complete extinction has occurred, thus producing electron-hole pairs spatially throughout the particles along the optical path. This distimguishes the colloidal particles from semiconductor powders or electrodes where charge carriers are created mainly near the surface.
Consider a situation where a colloidal semiconductor particle such a Ti02 is excited by a short (lOns) laser pulse resulting in the generation of electron-hole pairs, Fig. 5 . The reaction of the conduction band electrons with a relay compound R present in the bulk solution is observed subsequently by kinetic spectroscopy. The hole is trapped readily by surface hydroxyl groups leading to water oxidation; the back charge-transfer into the particle is thus assumed to be negligible. In the specific case to be discussed, methyl viologen is used as an electron relay. The overall process of reduction of y2+ by conduction-band electrons is described by three elementary steps, 6 . Elementary processes involved in the charge transfer from the semiconductor particle to the relay compound, i) diffusion of charge carriers to to the particle surface, ii) encounter-complex formation with relay compound, iii) interfacial electron transfer.
Concentration of Etectron/Hoii. Pairs
Produced by the Laser Pulse:
...1019 cm3 1) Diffusion of charge carriers from the particle imterior to the interphase. It is of interest to calculate the average transit time for a charge carrier from the interior to the surface of the colloidal semiconductor. For this purpose we can directly employ eq (9) which defines the time law of migration of a reactive species from the interior to the surface of a spherical aggregate of radius r0. Thus one o1tains for the average transit time r2
T =° ( 10) where D is the diffusion coefficient for electrons (or holes) in the semiconducting particle. D is related to the carrier mobility via D = kT (11) For Ti02 particles withrO=lO0 and an electron mobility of 0.5cm2/Vs one calculates TlOps. This transit time is much faster than the estimated value of lOOms for recomhination, calculated for 'sulk recomijination in a direct-hand-gap semiconductor with a majority carrier density of 1011cm3. A similar estimation (Ref. 17 ) yields a reconahination time of loops at a majority carrier density of 2xl0-9cm3. Note that T increases with the square of the partide radius. In the case of Ti02 powders, a typical particle size would be li which corresponds to TlOOms.
These examples illustrate very clearly the distinct advantages of employing semiconductor particles of colloidal dimensions as photon harvesting units in solar energy conversion devices. Scattering effects are reduced to a minumum and the transit time of charge carriers from the interior to the particle surface is so short that electron-hole recombination cannot compete to any significant extent. Hence provided that electrons or holes are scavenged efficiently at the semiconductor-water interphase in comparison with surface recombination, photodriven chemical processes can be performed with a very high yield. It is noteworthy that for very small particles, an internal electrostatic field is not necessary to separate the photogemerated electron-hole pair.
ii) Encounter-complex formation with the electron (or hole) acceptor present in solution.
In order that electron transfer can occur, am encounter complex must first be formed between the semiconductor particle and the electron relay present in the bulk solution. The rate of this process is diffusion limited and hence determined by the viscosity of the medium and the radius of the reactants. Not that this diffusional displacement will play no role in systems where the relay adheres to the particle surface. iii) Interfacial electron transfer. This is a heterogeneous process which involves the movement of an electron from the conduction band of the semiconductor particle across the Helmholtz layer to the acceptor molecule. The rate constant of this process (ket) is expressed consequently in units of cm/s.
-
The sequence of encounter-complex formation between the semiconductor particle and relay and subsequent electron transfer can be treated kinetically by solving Ficks second law of diffusion. One obtains for the observed bi-molecular rate constant for electron transfer the expres sion 
This condition means that for semiconductor paticles with a radius of lOO and a relay with a diffusion coefficient of ca. 1O5cm2/s, ket will only be sufficiently large if greater than 10cm/s. This is a high electrochemical rate constant and many redox couples will require substantial overvoltage to reach values as high as this.
2) ket>>. Here the heterogeneous electron transfer at the particle surface is rate limiting and eq (12) simplifies to
As ket depends on the potential of the semiconductor particle one would expect that under these conditions, kobs would also be a function of the overvoltage available to drive the interfacial electron-transfer event.
DLnam±cs of methyl viologen reduction by conduction band electrons of colloidal TiO des, flatband potential of colloidal Ti02 These considerations will now be applied to analyze the dynamics of electron transfer fron colloidal Ti02 to methyl viologene (MV2). The latter is known to undergo a reversible one electron reduction with a well defined and pH independent redox potential (E° -O mV against NHE). Furthermore, the reduced form (MV) can be readily identified 1y its characteristic 'clue color corresponding to an absorption maximum of 602nm (c11000 Mlcm).
Upon exposure of a deaerated Ti02 sol to near-UV light in the presence of Jypj2 the formation of this blue colored species becomes readily apparent. Both the growth kinetics of MV as well as its yield were found to be strongly pH dependent. The results depicted in Fig. 7 can be used to derive the flat band potential (Efb) of the colloidal Ti02 particles. The reasoning is as follows: Due to an intrinsic oxygen deficiency, Ti02 is an n-type semiconductor with the Fermi level (Hf) more or less close to the conduction band (ECB). Laser excitation of Ti02 leads to nonequilibrium population in eB and h and therefore splitting of E into two quasi Fermi levels: one for the hole and one for the electron, Ef(e). The latter merges practically with the conduction band as the carrier density produced by the laser flash in the Ti02 particles exceeds l&-9cm3. In the presence of M1J2+ Ef(e) will equilibrate with the Fermi level of the redox couple in solution or Ef(e) = Ef(MV2/MV)
where EO(My2+/Iyp+) = -0.15 V (vs. NilE). If equilibration takes place at relatively low ii only few acceptor ions will be converted to the reduced state. Thus the fraction of electrons that leave the particle is small so that the condition Ef(e) = ECB is still valid. Applying eq (16) to the data in Fig. 7 below pH 3.5, i.e. plotting log ([MVJ/[MV2J) against pH yields a straight line with a slope of one. From the extrapolated intercept one derives a value of ECB = -120 -59pH [mV, vs. NilE]. As in the pH region investigates only few electrons leave the particle after excitation, band bending in the depletion layer region cam be neglected and ECB is practically identical with Efb.
The position of the conduction band edge of the colloidal Ti02 particle influences greatly the rate of the interfacial electron transfer. Figure 8 shows kinetic data obtained from the laser photolysis of solutions containing SOOmg/l Ti02 and l03M flJ2 at various pH values. The inserted oscillograns illustrate the temporal behavior of the MV absorption at 602mm for pH and 8, respectively. In both cases the 602 absorbance grows to a plateau according to a first order rate law. However, while at pH )4 this process requires several milliseconds to come to completion, only a few microseconds are needed at pH 8. These phenomena may be rationalized in terms of the shift of the conduction band position of the Ti02 particle with pH, affecting the match of electronic donor levels in the semiconductor (D). The overlap integral of these two density of states functions determines the rate constant for heterogeneous electron transfer
where v is the tunneling collision frequency. Dc is identical with the density of occupied electronic levels in the conduction band of the Ti02 particle which peaks sharply at the conduction band edge ECE. 0nocc is the distribution function for unoccupied levels in the redox system which has a maximum at E0(2+/+) -A,.where A is the reorganization energy. At low pH the position of the Ti02 conduction band is relatively positive and hence there is poor overlap of occupied states in the particle with unoccupied ones in the electrolyte. The situation improves with increasing pH where the conduction band position shifts to more negative values.
Using eq (12) one can quantitatively evaluate k5t as a function of pH from the measured bimolecular rate constants for MV2+ reduction. This evaluation (Ref. 20) shows that a Tafel relation is obeyed at pH > 5: log = -(1 -a) 2.303 RT (18) where n is the number of electrons involved in the transfer step, F is Faraclays' constant, kt is the rate constant for electron transfer at the standard potential of the redox couple and a the transfer coefficient. At room temperature (T 298°K) e (18) assumes the form:
The overvoltage can be expressed in teas of the standard redox potential of the couple and the potential of the Ti02 conduction band:
. 0
2+/+ .
Inserting the values for TCB and E (MV ) in eq (20) gives:
and kt log -
ket where 5.3k is the pH at which 0. At this pH the specific rate of eleötron transfer kt 1xl03cm/s which corresponds to a moderate electrochemical rate constant. From the slope of the Tafel line one obtains ctO.52 for the transfer coefficient which indicates a symmetrical transition state.
This analysis provides new physical insight into the phenomenon associated with light-activated charge transfer across the semiconductor solution interface. The kinetic equations derived allow the determination of important electrokinetic parameters, such as the heterogeneous rate constant for electron transfer and the transfer coefficient. In the case of reduction by conduction band electrons from Ti02 particles, the interfacial electron transfer step is rate controlling at lower pH when the over voltage available to drive the reaction is small. At higher pH mass transfer effects become increasingly important and determine the overall reaction rate.
Dynamics of hole transfer from colloidal Ti02 to reductants in solution Using similar laser photolysis technique the reaction of valence band holes in colloidal Ti02 particles (h+) with electron donors, such as halide ions or SCN, has also been investigated. 
and thus results in the formation of halide or (SCN) radical anions. These species can be readily analyzed by their caracteristic absorption spectrum. Using fast optical analysis we found that reaction (23) occurs extremely rapidly and is completed already within the l0ns laser pulse. The hole transfer was shown to involve only species adsorbed to the surface of the colloidal Ti02 particle. The efficiency of the process follows the sequence C1<Br<SCN ' 1 and hence is closely related to the redox potential of the X/X couple. Further studies showed that the yield of X2 decreases strongly with increasing pH and this effect has been attributed to the competition of water oxidation with reaction (23). The UT-visible absorption spectrum of the CdS sol, prepared by precipitation from a Na25/Cd(N03/2) solution in the presence of hexametaposphate as stabilizing agent, is distinguished by a sharp band edge rising steeply towards the blue below 520mm. The onset coincides exactly with the band gap of crystalline CdS elect±'odes, i.e. 2.)4eV. Electron diffraction studies showed that the colloidal particle (hydrodynamic radius Ca. l50) is a single crystal of Wurtz±t structure. Excitation of the CdS sol leads to luminescence which is distinguished by a broad maximum around TOOnm. Addition of salutes such as 2+ to the solution shifts the maximum to 520nm. The yield of MV obtained by flash irradiation of the CdS sol with 487nm laser light was found to increase with MV2+ concentration increasing the latter from 0.2 to 5xlO3M results in an augmentation of (MV) from 0.3 to 2xlO5M. Apparently at the higher MV2 concentration the coverage of the CdS particle surface with MV2+ is increased. This enhances the rate of interfacial electron transfer which can compete more efficiently with electron-hole recombinat ion.
An interesting application of the laser technique is the study of electron and hole reaction with catalysts deposited on the surface of the semiconductor particle. Thus, in the case of the MV2 reduction by CdS conduction band electrons the yield of MT is reduced if the particles are loaded with Pt. This is due to the trapping of eCB by Pt-sites on the surface which occurs in competition with NpJ2+ reduction.
Electrons undergoing reaction (25) can no more contribute to the yield of MV+ as they are used to generate hydrogen from water under the prevailing pH conditions. This technique is potentially useful in that it allows for rapid screening and optimization of hydrogen evolving colloidal semiconductor systems. (Ref. 25) .
VISIBLE LIGHT INDUCED WATER CLEAVAGE THROUGH DIRECT BAND GAP EXCITATION OF COLLOIDAL SEMICONDUCTORS
In this section we shall describe a water photolysis system based on band gap excitation of semiconductor dispersions. This provides an illustrative example for the application of the concepts derived in the preceeding chapters to develop photolytic, fuel producing systems. A semiconductor particle is charged with both a catalyst for water oxidation (Ru02) and reduction (Pt). Band gap excitation produces an electron/hole pair in the particle. Both charge carriers diffuse to the interface where hydrogen and oxygen generation occurs, Fig. 9 .
•Ru02 1120 02 Fig. 9 . Schematic illustration of a water cleavage process mediated by a CdS particle.
CoUo4daI CdS
Ti02 was the first material to be employed in such a system. The domain of photoactivity has recently been displaced in the visible by using n-CdS particles as carriers for Pt and Ru02. An undesirable property of this material is that it undergoes photocorrosion under illumination. Holes produced in the valence band migrate to the surface where photocorrosion occurs, i.e.
CdS + 2h
We observed recently (Ref. 26 ) that loading of CdS particles with an ultrafine deposit of Ru02 prevents photodecomposition through promotion of water oxidation according to (Ru02) )4h(CdS) + 21120
Sustained water cleavage by visible light is observed when CdS particle loaded simultaneously with Pt and RuG2 are used as photocatalyst. Hydrogen and oxygen are generated by conduction band electrons and valence band holes, respectively, produced by band gap excitation. This water cleavage phenomena can be illustrated unambiguously by gas chromatography analysis. Figure 10 shows results obtained from visible light (X>20nm) irradiation of 25rn1 aqueous solution (pH 13) containing 25mg CdS loaded with 3mg Ru02 (deposition of RuG2 was carried out via thermal decomposition of (Ru)13(C0)12 in Ar at 300°C for 30 mm.). Initially there are only traces of 112 generated since the reduction of 112 Pt Cl6 occurs in preference over 1120 reduction. However, the peaks of 112 and 02 grow conconmittantly after this induction period. Note that the ratio of the N2 to 02 peak heights decreases with irradiation time indicating that the oxygen signal does not arise from air contamination. Under stationary conditions such a system delivers ca 50il/h of 112 and 25pl/h of 2 (pl atm, room temperature) corresponding to a quantum yield of 1120 cleavage of ca 0.2%.
VISIBLE LIGHT INDUCED WATER CLEAVAGE IN CdS DISPERSIONS
N2 J\j = 5mm. t=25 mm.
t=lh5Omin. Apart from water, other agents such as hydrogen sulfide have the potential to play an important role as an alternative source for hydrogen production from sunlight. Sulfides occur widely in nature and H2S is produced in large quantities as an undesirable by-product in coal and petrol related industries. Therefore, catalytic systems in which the process hv H2S
is driven by visible light should be of significant interest. As the standard enthalpy of reaction (1) is +9. kcal/mol this provides a method for energy conversion and storage as well as for recycling of H2 employed in hydrodesulfurization processes.
When RuG2 loaded 0dB particles are dispersed in aqueous sulfide solutions and illuminated with visible light, hydrogen is generated at an astonishingly high rate. Results obtained from irradiating a 25ml solution containing 25mg CdS loaded with 0.025mg Ru02 in the presence of O.lM Na2S (pH 3) showed that after a brief induction period the 112 generation rate established itself at 3.2iml/h until almost all the H2S has been consumed.
A detailed investigation established that the efficiency of hydrogen generation depends on both solution pH and Ru02 loading. At pH 13 and 0.5% Ru02 loading of the CdS particles the rate of 112 generation is lOml/h corresponding to a quantum yield of 35%. 
while the holes react with H2S (or HS depending on pH) under sulphur formation H2S + 2h 3 2H + s
The overall reaction corresponds to splitting of H2S into hydrogen and sulphur by four quanta of visible light.
Sulphur formed concomitantly with 112 in the photoreaction does not seem to interfer with water reduction. It appears therefore that the reduction of sulphur by conduction band electrons of CdS, though thermodynamically favored, is strongly inhibited for kinetic reasons. This explains why the H2S photocleavage can proceed almost to completion without decrease in the reaction rate.
Oxygen, on the other hand, can compete with water reduction by conduction band electrons. Thus, at pH 13 and 0.3% loading of CdS with Ru02, rH2 is decreased from 9iml/h to 8ml/h when air saturated instead of deaerated suspensions are illuminated. Still, this competition of oxygen is surprisingly ineffecient.
Apart from its importance in solar energy research and for the treatment of H2S containing waste streams, the H2S cleavage reaction mimics also in an intriguing fashion the function of photosynthetic bacteria which frequently use sulfides as electron donors for the reduction of water to hydrogen.
CONCLUSIONS
Molecular assemblies such as micelles, colloidal semiconductors and ultrafine redox catalysts provide suitable microscopic organization to accomplish the difficult task of light energy harvesting and subsequent fuel generation. New kinetic models had to be conceived to provide basis for the understanding of the dynamics of energy and electron transfer processes in these aggregates. In this review a first attempt was made to outline and summarize the basic features of these processes and to illustrate the general applicability of the kinetic concepts to different types of colloidal assemblies. Research activity in this field is increasing rapidly and many exciting new discoveries have been made during the last years. As for the application of these systems in light induced water cleavage devices, work in the future will be directed to improve the efficiency of such devices by identifying new photocatalysis and solving the problem of hydrogen/oxygen separation. Colloidal semi-conductors will certainly play a primordial role in this development. Together with other functional organizations they have the key advantage that light-induced charge separation and catalytic events leading to fuel production can be coupled without intervention of oulk diffusion. Thus a single colloidal semiconductor particle can 1e treated with appropriate catalysts so that different regions function as anodes and cathodes. It appears that this wireless photoelectrolysis could 1e the simplest means of large scale solar energy harnessing and conversion.
